Objectives: The aims of this study were to introduce the measure noise texture deviation as quantitative parameter for evaluating iterative reconstruction (IR)-specific artifacts in computed tomography (CT) images and to test whether IR-specific artifacts, quantified through this measure, are reduced in advanced modeled IR (ADMIRE) as compared with sinogram-affirmed IR (SAFIRE) images of the liver ex vivo and in patients with hypodense liver lesions. Materials and Methods: In the ex vivo study part, an abdominal phantom was used. In the institutional review board-approved in vivo study part, 40 consecutive patients (mean age, 63 years) with hypodense liver lesions undergoing abdominal CT in the portal-venous phase were included. Images were reconstructed with filtered back projection, with the second-generation IR algorithm SAFIRE and with the third-generation IR algorithm ADMIRE. Noise power spectra and noise texture deviation were calculated in the phantom; image noise was measured in the phantom and in patients. Two blinded readers evaluated all image data regarding IR-specific artifacts (plastic-like, blotchy appearance); patient data were evaluated regarding conspicuity and confidence for detecting hypodense liver lesions. Results: Image noise was significantly reduced at increasing IR levels (P < 0.001) with both algorithms, with no significant differences between corresponding strength levels of SAFIRE and ADMIRE (all, P > 0.05). Noise power spectra were similar at corresponding strength levels of SAFIRE and ADMIRE (all, P > 0.05). Noise texture deviation in ADMIRE was reduced compared with corresponding strength levels of SAFIRE (all, P < 0.001) and strongly correlated with subjective IR-specific artifacts (r = 0.88, P < 0.001). Iterative reconstruction-specific artifacts were significantly reduced in ADMIRE compared with that in SAFIRE images at strength levels 3 or greater, both ex vivo and in vivo (all, P < 0.001). There were no significant differences in the readers' ratings of lesion conspicuity and lesion confidence in detecting hypodense liver lesions between SAFIRE and ADMIRE (P > 0.05). Only lesion conspicuity was superior with SAFIRE and ADMIRE compared with filtered back projection (all, P < 0.001). Conclusions: Noise texture deviation is a quantitative measure reflecting IR-specific artifacts and is reduced in CT images with ADMIRE compared with SAFIRE. 1 However, a plastic-like, blotchy image appearance, hereafter called IR-specific artifact, has been repetitively described with various IR algorithms, potentially affecting and deteriorating image quality. Such IR-specific artifacts can hamper the evaluation of images and interpretation of imaging findings.
I
terative reconstruction (IR) algorithms have been introduced for computed tomography (CT) imaging for various indications and body regions. 1 However, a plastic-like, blotchy image appearance, hereafter called IR-specific artifact, has been repetitively described with various IR algorithms, potentially affecting and deteriorating image quality. Such IR-specific artifacts can hamper the evaluation of images and interpretation of imaging findings. [2] [3] [4] [5] [6] [7] [8] Moreover, because this image appearance usually is pronounced at higher levels of IR algorithms, 2, 6, 9, 10 it potentially precludes exploitation of the full potential of IR for reducing the radiation dose of the respective CT examinations. 11, 12 One recent IR technique is called advanced modeled IR (AD-MIRE), which is the successor of sinogram-affirmed IR (SAFIRE) from the same vendor. Advanced modeled IR is characterized by improvements in the statistical modeling applied to the raw projection data including the detector signal domain. Moreover, it uses a 3-dimensional reconstruction domain with a larger neighbor volume for validation and better preservation of the CT noise texture and for artifact suppression. 11 One of the main aims of ADMIRE is to reduce the IR-specific artifacts described previously, which are known to occur at higher strength levels of the predecessor algorithm SAFIRE. 2, 6, 9, 10 Objective evaluations of the quality of IR images in CT have been performed using the parameter noise, defined as the standard deviation of attenuation in a defined region of interest (ROI), or by calculating noise power spectra (NPS). 4, 13 Previous studies used subjective image quality scores or just mentioned this artifact as a shortcoming of IR images. 2, 5, 10, 11, 14 The lack of an objective measure allowing for quantification of the IR-specific artifacts, however, precludes meaningful comparisons among different IR algorithms.
A recent in vivo study demonstrated that use of ADMIRE in abdominal CT increases image quality by lowering noise when compared with filtered back projection (FBP) and showed that the attenuation values in various organs remained constant across the different strength levels of ADMIRE. 15 A recent phantom study suggested that ADMIRE improves low-contrast detectability compared with FBP, 11 but no study, to our knowledge, has evaluated whether IR-specific artifacts in image impression are reduced with ADMIRE and whether low-contrast detectability in the liver is preserved in vivo with this type of IR algorithm as compared with SAFIRE. In addition, no objective metric was introduced so far for quantifying image artifacts specifically related to IR.
The purpose of this study was thus 2-fold: first, to introduce the measure noise texture deviation as a quantitative parameter for evaluating IR-specific artifacts in CT images; and second, to test whether these IR-specific artifacts, as quantified by this measure, are reduced in AD-MIRE as compared with SAFIRE images of the liver ex vivo and in patients with hypodense liver lesions.
MATERIALS AND METHODS

Data Acquisition and Reconstruction
Phantom Study
A mathematical phantom was designed to mimic an adult abdominal cross section including the liver, spleen, osseous spine, and abdominal wall soft tissue (Fig. 1) . The lateral diameter of the phantom was 42 cm; the anteroposterior diameter was 28 cm. The simulated attenuation values for the liver, spleen, and abdominal wall soft tissue were 90, 100, and 35 HU, respectively, at 120 kVp.
We opted for a mathematical instead of real phantom for the following reason: the newly introduced metric of this study (ie, noise texture evaluation) is sensitive to even small homogeneity errors. These would deteriorate the value of results on statistical measures such as histograms. The mathematical definition of sinogram data ensures that there is no pseudostatistical influence due to inhomogeneity. The noise statistics on top of ideal noise-free CT raw data (signal-dependent Poisson noise plus electronic noise floor) and scanner geometry is well understood and relatively easy to model. We were investigating the performance of reconstruction algorithms rather than that of a certain CT scanner. Because we apply identical reconstruction algorithms as for measured data, the nontrivial parts of noise propagation from projection to image data are actually identical.
CT Data Acquisition and Reconstruction-Phantom
Using the parameters of the vendor's default abdominal portalvenous CT protocol, synthetic raw data were generated (CTSIM simulation software package; Siemens Healthcare, Forchheim, Germany) with realistic data noise that accounted both for quantum mottle and electronic noise of the detector. The geometry of the simulated CT scanner matched the real CT scanner used in the patient study (see below).
Computed tomography images were reconstructed with a slice thickness of 2 mm and increment of 1.6 mm. The field of view was set at 450 mm to include the entire abdomen; the pixel matrix was 512 Â 512.
Similar to SAFIRE, the parameters and criteria of the noise model of ADMIRE can be chosen by the user to obtain a certain predefined noise reduction, and 5 presets (strength levels 1 to 5) are available for adaptation of the noise model and for controlling image impression and noise reduction. The strength level is not related to the number of iteration loops. From the raw data, the following reconstructions were made: FBP (B30f ), SAFIRE at strength levels 1 to 5 (I30f ), and ADMIRE at strength levels 1 to 5 (I30f ).
Patient Study
In the patient study part, data from a total of 810 patients who underwent clinically indicated abdominal CT in our department between October and December 2013 were screened for inclusion. Inclusion criteria were 1 or more hypodense liver lesions of known origin and/or known etiology (eg, previous examinations including various imaging modalities and-in patients with metastaseshistopathological proof of underlying colorectal cancer) and an abdominal CT acquired in the portal-venous phase of enhancement. The final study population included 40 patients (21 male, mean age 63 years, range 39-80 years; 19 female, mean age 62 years, range 24-79 years) with liver cysts (n = 25) and metastases from colorectal carcinoma (n = 15) (for the demographic data, see Table 1 ). Because some patients had more than 1 lesion, a total of 36 liver cysts and 19 metastases were evaluated.
The patient study part had local ethics committee approval. Written informed consent requirement was waived because of the retrospective design of this study part; all CT scans were clinically indicated, and none was performed merely for the purpose of the study.
CT Data Acquisition and Reconstruction-Patients
All CT data in patients were acquired with a 64-slice CT scanner (Somatom Definition AS 64; Siemens AG, Healthcare Sector, Forchheim, Germany). Patients received a fixed amount of 100 mL contrast media (iopromidum, Ultravist 370; 370 mg I/mL, Bayer Schering Pharma, Berlin, Germany) at a flow rate of 3 mL/s. Contrast media was injected over an antecubital vein using a dual-head power injector (Stellant; Medrad, Indianola, PA). Image acquisition was performed 70 seconds after contrast injection in the portal-venous phase. Our institutional default setting (SAFIRE strength level 3) was used as the standard reconstruction algorithm. Tube voltage and tube current was adjusted for each patient depending of the patient's weight and abdominal diameter using automatic attenuation-based tube voltage adaptation (CAREkV, slider position 7/soft tissue) and automatic attenuation-based tube current modulation (CAREDose4D). The radiation dose parameter volume CT dose index (CTDI vol ) was taken from the electronically lodged protocol from each CT study. Anteriorposterior and lateral dimensions of the patients at the level of the celiac trunk were measured for calculating size-specific dose estimates 16 (for further protocol details and radiation doses, see Table 1 ). Image analyses were performed on a high-definition liquid crystal display monitor (BARCO Medical Imaging Systems, Kortrijk, Belgium) using the picture archiving and communication system of our hospital (Impax Version 6.5.5.1003; Agfa-Gevaert, Mortsel, Belgium).
Raw data of the CT scans were transferred to an offline workstation equipped with a prototype software allowing for reconstruction of FBP, SAFIRE, and ADMIRE images from the same raw data using the same reconstruction kernels (see below).
All CT images were reconstructed with a slice thickness of 2 mm, increment of 1.6 mm, and a medium tissue convolution kernel (B30f for FBP as well as I30f for SAFIRE and ADMIRE, respectively). Strength levels 3 to 5 for SAFIRE and ADMIRE were chosen for reconstruction of the patient data, because level 3 5, 17 is most commonly used for clinical image evaluation in SAFIRE, and levels 4 and 5 were attributed with IR-specific artifacts. 5, 17 The field of view was 450 mm, as in the phantom study; the pixel matrix was 512 Â 512.
Image Analysis
Objective Image Quality-Phantom
Image noise, defined as standard deviation of attenuation (in Hounsfield units, HU), was determined by 1 reader (FM [blinded for review], with 3 years of experience in abdominal radiology) who placed a circular ROI of 500 mm 2 in the liver. The liver and other simulated tissues in the phantom are homogenous; the ROIs were placed in the center of the respective organ. Signal-to-noise ratio (SNR) was calculated by dividing the mean attenuation (in Hounsfield units) by the standard deviation of attenuation (in Hounsfield units). Contrast-to-noise ratio (CNR) was calculated by dividing the difference in attenuation between liver parenchyma and abdominal wall soft tissue (in Hounsfield units) by the standard deviation of attenuation in the liver (in Hounsfield units). Noise power spectra were calculated as previously described 18 and were applied to a rectangular ROI of 2000 mm 2 in the liver. From the discrete noise power spectra NPS( f 1 ), the spatial frequency with maximum amplitude, f max = max{NPS( f i )}, and the mean frequency were calculated according to
Noise texture deviation was determined by analyzing the histogram of attenuation coefficients in the same rectangular ROI used previously. Let p i be the HU values of pixels in the respective ROI, Ω. From the pixel values, the mean value
(N Ω = |Ω|, number of pixels in the ROI Ω) and the noise standard devi-
were calculated. Although there are numerous possibilities to {p i } characterize statistical distributions, we chose a simple approach of counting outlying pixels of the distribution that deviate more than 3σ from their mean value. To be independent of the ROI size, we calculated the fraction of outliers relative to the number of pixels in the ROI:
A normal distribution as expected for linear reconstruction methods such as FBP would show an outlier fraction of approximately f 3σ = 0.27% according to this metrics. 19 Three standard deviations as threshold were chosen for the following reasons. For the expected (almost) ideal normal distribution of attenuation values in FBP images, the amount of outliers is well below 1% (see above). The noise reduction of the analyzed IR techniques is at the order of up to 50%. Outliers in those images with IR can be regarded as "survivors" of extreme, but relatively rare statistical deviations of the statistical distribution in the FBP images. Outliers with 3σ at 50% noise reduction correspond to pixels exceeding only 1.5σ of the original (ie, FBP) noise level, which have a much higher probability, f 1.5σ = 13.4%. Thus, relevant outliers after application of the nonlinear reconstruction techniques become visible with a 3σ threshold with respect to the new noise standard deviation level (Fig. 2) .
Subjective Image Quality-Phantom
Subjective image quality was assessed by 2 other blinded and independent readers (LD [blinded for review] and SL [blinded for review], with 4 and 5 years of experience in abdominal radiology, respectively). Subjective image noise and IR-specific artifacts were assessed as previously shown. 2 Noise was rated subjectively on a scale from 1 (minimal image noise) to 5 (unacceptable image noise). Iterative reconstruction-specific artifacts (plastic-like, blotchy image appearance) were rated on a scale from 1 (no artifacts) to 4 (artifacts affecting diagnostic information). Signal-to-noise ratio and CNR were calculated similar to the phantom study.
Subjective Image Quality-Patients
Four weeks after the read-out of the phantom images, 2 readers (yy [blinded for review] and zz [blinded for review]) assessed the subjective image quality in patients. The readers were blinded to the reconstruction algorithm and patient data. Image noise and IR-specific artifacts were assessed according to the same criteria mentioned previously. In addition, hypodense liver lesions were assessed in regard to their conspicuity ranging on a scale from 1 (well-seen lesion with well-visualized margins) to 5 (definitely an artifact mimicking a lesion), and diagnostic confidence ranging on a scale from 1 (completely confident) to 3 (poor confidence). 
Statistical Analysis
Variables were expressed as mean ± standard deviation. Descriptive variables were expressed as frequencies. The Shapiro-Wilk test was used to test for normality.
The interreader agreement regarding qualitative evaluation of the readers was analyzed by using the intraclass correlation coefficient. 20 Agreement was interpreted as follows: poor, less than 0.20; fair, 0.21-0.40; moderate, 0.41-0.60; good, 0.61-0.80; and very good, 0.81-1.00. 21 Because of paired data, Friedman test was performed for evaluating significant differences in objective and subjective image quality between data sets. Post hoc testing was performed using the Wilcoxon signed rank test. Spearman ρ was used to test for a correlation between noise texture deviation and IR-specific artifact scores and between noise texture deviation and ADMIRE and SAFIRE strength levels, respectively, as well for a correlation between f mean and f max values from the NPS analysis and IR-specific artifact scores.
A 2-tailed P value below 0.05 indicated statistical significance. Post hoc tests were considered to be statistically significant for P values of less than 0.007 in concordance with Bonferroni adjustment for multiple comparisons. All statistical analyses were conducted using commercially available software (SPSS, release 21.0; SPSS, Chicago, IL).
RESULTS
Image Quality-Phantom
Image noise was significantly different between FBP and SAFIRE 1-5 (P < 0.001), and between FBP and ADMIRE 1-5 (P < 0.001) and significantly decreased with each higher strength level of ADMIRE and SAFIRE (all, P < 0.001). No significant differences in noise in the liver, spleen and soft tissue between corresponding strength levels of SAFIRE and ADMIRE were found (all, P > 0.05).
Signal-to-noise ratio and CNR was significantly different between FBP and SAFIRE 1-5 (P < 0.001), and between FBP and ADMIRE 1-5 (P < 0.001) and significantly increased with each higher strength level of ADMIRE and SAFIRE (all, P < 0.001). No significant differences in SNR and CNR between corresponding strength levels of SAFIRE and ADMIRE were found (all, P > 0.05).
Noise power spectra showed no significant differences between data sets for f max and f mean (both, P > 0.05) (Fig. 3) .
Noise texture deviation showed significant overall differences between reconstruction algorithms (P < 0.001). Increasing strength levels of ADMIRE and SAFIRE correlated with an increase in noise texture deviation (r = 0.95, P < 0.001). There were significant pairwise differences in noise texture deviations between SAFIRE 1 and AD-MIRE 1 (4 Â 10 −3 vs 3 Â 10 , P < 0.001) ( Table 2) . Subjective image noise progressively decreased from FBP to increasing strength levels of SAFIRE 1-5 (scores 4 vs 4 vs 3 vs 3 vs 2; all, P < 0.001) and ADMIRE (scores 4 vs 4 vs 3 vs 3 vs 2; all, P < 0.001). There were no significant differences in subjective noise between corresponding strength levels of SAFIRE and ADMIRE (level 1: score 4 vs 4, P = 0.88; level 2: score 4 vs 4, P = 0.11; level 3: score 3 vs 3, P = 0.78; level 4: score 3 vs 3, P = 0.11; level 5: score 2 vs 2, P = 0.08). Iterative reconstruction-specific artifacts were significantly less on ADMIRE than on corresponding SAFIRE images at strength levels 3 or greater (level 1: score 1 vs 1, P = 0.07; level 2: score 1 vs 1, P = 0.08; level 3: score 2 vs 1, P < 0.001; level 4: score 2 vs 1, P < 0.001; level 5: score 2 vs 1, P < 0.001). Iterative reconstruction-specific artifacts in images with both IR algorithms strongly correlated with noise texture deviation (r = 0.88, P < 0.001) (Fig. 4) . No significant correlation was found between IR-specific artifacts and the parameters noise (P > 0.05) and the f mean and f max from NPS analysis (P > 0.05).
Image Quality-Patients
Image noise was significantly different between FBP and SAFIRE levels 1-5 (P < 0.001) and between FBP and ADMIRE level 1-5 (P < 0.001, Supplementary Signal-to-noise ratio and CNR was significantly different between FBP and SAFIRE 1-5 (P < 0.001), and between FBP and AD-MIRE 1-5 (P < 0.001) and significantly increased with each higher strength level of ADMIRE and SAFIRE (all, P < 0.001). No significant differences in SNR and CNR between corresponding strength levels of SAFIRE and ADMIRE were found (all, P > 0.05).
The interreader agreement for subjective image quality was good (intraclass correlation coefficient, 0.84; P < 0.001). Thus, the readings from 1 reader (yy [blinded for review]) were used for further analyses.
Subjective Image Noise
There were significant differences in subjective image noise among data sets (P < 0.001). We found significant differences between FBP and SAFIRE levels 3-5 (scores 4 vs 2 vs 2 vs 1, P < 0.001) and between FBP and ADMIRE levels 3-5 (scores 4 vs 2 vs 2 vs 1, P < 0.001). No significant differences in subjective image noise were found between corresponding levels of SAFIRE and ADMIRE (all P > 0.05, Table 3 ).
IR-Specific Artifacts
There were significant overall differences in IR-specific artifacts among data sets (P < 0.001) (Figs. 5, 6 ), with significantly less such artifacts in ADMIRE compared with corresponding SAFIRE levels (level 3: score 2 vs 1, P < 0.001; level 4: score 2 vs 1, P < 0.001; level 5: score 2 vs 1, P < 0.001, Table 3 ).
Conspicuity
There were significant overall differences in regard to the conspicuity of metastases (P < 0.001) and cysts (P < 0.001) between reconstruction algorithms. We found significant differences between FBP and SAFIRE levels 3-5 (scores 2 vs 1 vs 1 vs 1, P < 0.001) and between FBP and ADMIRE levels 3-5 (scores 2 vs 1 vs 1 vs 1, P < 0.001). No significant differences in conspicuity of metastases and cysts between corresponding strength levels of SAFIRE and ADMIRE were found (all, P > 0.05, Table 3 ).
Diagnostic Confidence
There were no significant overall differences in regard to the confidence for detecting metastases and cysts between reconstruction algorithms (all, P > 0.05, Table 3 ).
DISCUSSION
Previous studies used subjective image quality scores for describing the plastic-like, blotchy image appearance that often is encountered in CT images reconstructed at higher levels of IR. 2, 5, 10, 11, 14 Our study introduced noise texture deviation, being an objective measure for quantifying such IR-specific artifacts. In contrast to image noise and NPS analyses, the parameter noise texture deviation significantly correlated with IR-specific artifacts. In addition, noise texture deviation was significantly reduced in CT images reconstructed with ADMIRE as compared with those reconstructed with the predecessor SAFIRE.
Measurements of the standard deviation of attenuation represent the most commonly used way for quantifying image noise in CT. 4, 6, 12, 15, 22 For the estimation of a general noise level such a measurement can be considered adequate and has shown value in optimizing radiation dose with IR. [23] [24] [25] Using this parameter for quantifying the effect of IR on image appearance, however, falls short because IR assumes a smooth image reality in the statistical model and compares neighboring pixels, whereas FBP assumes exact data and can amplify noise, which can then be reflected as the standard deviation of attenuation. 10, 14, 17 In a recent study, Solomon et al 11 showed that the conventional metrics image noise and NPS are no adequate measures for evaluating the performance of CT images with IR. In our study, we found similar results at corresponding strength levels of ADMIRE and SAFIRE for both noise and NPS, being at the range of those previously reported with other IR techniques. 15, 26 In addition, noise and NPS showed no correlation with IR-specific artifacts encountered in both our phantom and human liver CT data. This underlines that these 2 measures are not reflective of the plastic-like, blotchy CT image appearance encountered with IR.
To overcome the limitations of the aforementioned parameters, and for finding a way to quantitatively measure and compare IR-specific artifacts, we introduced the parameter noise texture deviation, which is based on histogram analyses of attenuation coefficients. Noise texture deviation increased with increasing strength levels of the respective IR reconstruction algorithm. We found that noise texture deviation was lower in ADMIRE images as compared with SAFIRE at all corresponding strength levels, which correlated strongly with the subjective impression of IR-specific artifacts. Given the fact that noise texture may also affect the detection performance of lesions, 7,13,27,28 the availability of an objective and quantitative measure for the image texture appears important. Furthermore, no other study yet validated whether ADMIRE actually reduces IR-specific artifacts, as announced by the vendor.
We found an average value of 3.4 Â 10 −3 in noise texture deviation for the liver in our phantom. This differs from the 2.7 Â 10 −3 we would expect for the whole volume of a water phantom in an environment with absent electronic noise. This is caused by the realistic simulation in our phantom where electronic noise plays a relevant role, particularly in the liver due to contribution of x-rays with highest attenuation in the cross section. Electronic noise in combination with taking the logarithm as input for FBP translates statistical effects into a systematic shift of mean signals toward artificially higher values. The severity of this phenomenon depends on attenuation and, therefore, on the projection angle in a rotationally nonsymmetric phantom. This effectively results in a systematic change of the statistical distribution in CT images toward hyper-Gaussian already for FBP and explains the slightly higher noise texture deviation value of 3.4 Â 10 . We evaluated the conspicuity and confidence for detecting hypodense liver lesions in CT images reconstructed with FBP, SAFIRE, and ADMIRE. Here we found that the conspicuity of liver lesions was improved for both SAFIRE and ADMIRE, as compared with FBP, and was similar among the 2 IR algorithms. This is most probably explained by the reduced noise and higher sharpness of IR, which is indicated by the shift toward lower spatial frequencies in the noise spectra analysis. Interestingly, the confidence for identifying hypodense liver lesions with both IR algorithms remained similar compared with FBP. This indicates that the effect on noise, image sharpness, and noise texture of both IR algorithms do not necessarily translate into an altered confidence of the readers.
The following study limitations must be acknowledged. First, noise texture deviation quantification requires that the phantom is homogeneous at least in the position of the ROI. Second, our cohort of 40 patients was relatively small. Third, we used our institutional standard abdomen CT protocol and not an explicit low-dose protocol. However, the average CTDI vol in our study was 9.3 mGy, which is comparable to levels previously called low dose. 2, 26 In addition, further metrics to measure noise, such as noise measurements in subtraction images, could have been used. However, we did not find any significant differences for the metrics used in this paper and thus deemed the applied metrics sufficient. Finally, we applied the parameter noise texture deviation to IR images of 1 vendor and 1 reconstruction kernel only, and it remains to be determined whether this measure applies to other IR algorithms and kernels as well.
In conclusion, the newly proposed parameter noise texture deviation allows for quantifying IR-specific artifacts in CT image data. As opposed to image noise and NPS, noise texture deviation better correlates with the plastic-like, blotchy image appearance, which is often inherent to CT images with IR. We could show that IR-specific artifacts are significantly reduced in ADMIRE as compared with SAFIRE images, while the conspicuity and confidence for the detection of hypodense liver lesions remained preserved. The improved image impression of ADMIRE at high strength levels allows for a better exploitation of the radiation dose reduction capabilities of IR.
